In human cells, transfection of telomeric T2AG3 repeats induces the formation offunctional telomeres at previously interstitial sites. We report that telomere formation has stringent sequence requirements. While (T2AG3 Human telomeres contain several kilobase pairs of the highly conserved sequence (T2AG3)" with the G-rich strand oriented 5' --3' toward the chromosome ends (6-9). These telomeric tracts progressively shorten from 10 to ""1.5 kb during normal development, as well as in primary tumors, and in normal cells undergoing in vitro senescence (refs. 9-11; reviewed in refs. 5 and 12). As expected from the attrition of their telomeres, primary human cells lack telomerase activity (11) . In contrast, immortal human cells express telomerase and the decline of their telomeres is halted (5, (11) (12) (13) (14) .
with nontelomeric DNA at 160-bp intervals formed new telomeres frequently. Instead, the sequence dependence of telomere formation matched the in vitro binding requirements for the mammalian T2AG3 repeat binding factor (TRF). Human TRF failed to bind ineffective heterologous telomere seeds and had a 4-fold lower affinity for (T2AGs)2T2AG3 repeats, which seeded telomeres with reduced frequency. The results suggest that telomere seeds interact with TRF and predict that mammalian artificial chromosomes will require wild-type telomeric repeats at, or near, their termini. matrix; a highly conserved candidate telomeric protein (TRF; T2AG3 repeat binding factor) has been identified in mammalian cells (16) (17) (18) .
The functional significance of telomeric repeats is demonstrated by the formation of new mammalian telomeres after transfection of linear DNAs with a terminal (T2AG3)A stretch (19) (20) (21) . These telomere seeds become linked to chromosome internal sequences by illegitimate recombination between interstitial DNA and the nontelomeric end of the transfected molecules (refs. 19-21 ; this report). The resulting fiagmented chromosomes apparently become stabilized when the (T2AG3), DNA is recognized as a telomere seed and heals into a functional telomere. We have examined the cis-acting requirements for telomere formation in human HeLa cells. The results indicate that subtle alterations in the sequence of telomere seeds interfere with their conversion into functional telomeres. The sequences required for telomere formation match the binding site of TRF and implicate this factor in the formation of new telomeres in human cells.
The telomeres of most eukaryotic chromosomes carry a tandem array of short repeats, which are thought to form a protective nucleoprotein complex at chromosome ends (1, 2) . The telomeric complex prevents detection of chromosome ends by DNA damage checkpoints and protects the termini from exonucleases and ligases (1) (2) (3) . In addition, telomeric DNA is important for the replication of linear chromosomes. Chromosome ends are predicted to shorten gradually with cell divisions due to the fixed direction of chromosomal DNA replication and the requirement for a primer. Telomeres can counter this effect by engaging telomerase, a ribonucleoprotein reverse transcriptase that adds telomeric repeat DNA to 3' telomere termini (reviewed in refs. 4 and 5).
Human telomeres contain several kilobase pairs of the highly conserved sequence (T2AG3)" with the G-rich strand oriented 5' --3' toward the chromosome ends (6) (7) (8) (9) . These telomeric tracts progressively shorten from 10 to ""1.5 kb during normal development, as well as in primary tumors, and in normal cells undergoing in vitro senescence (refs. [9] [10] [11] ; reviewed in refs. 5 and 12). As expected from the attrition of their telomeres, primary human cells lack telomerase activity (11) . In contrast, immortal human cells express telomerase and the decline of their telomeres is halted (5, (11) (12) (13) (14) .
Human telomeres are expected to interact with specific telomeric proteins in addition to telomerase. Telomeric factors and specialized telomeric chromatin have been demonstrated in Saccharomyces cerevisiae and several ciliates (reviewed in refs. 1, 2, and 15). Human telomeres display an unusual chromatin structure and are attached to the nuclear
MATERIALS AND METHODS
Construction of Telomere Seeds. Short telomeric arrays were derived from previously described plasmids (18) or formed by self-ligation of synthetic DNAs. Telomere seed plasmids were constructed by tandem ligation of these short (250-800 bp) telomeric repeat segments in pSXneo (see Fig.  la Telomerase Assays. HeLa S100 extract was incubated with oligonucleotide primers (at 0.4 or 2.0 ,uM) and [a-32P]dGTP for 1 or 2 hr at 30°C and processed as described by Morin (14) .
TRF Assays. HeLa TRF was assayed as described (18) Fig. lb ) is indicated. Most cell lines (72%) contained one copy of neo; for multiple copies of neo, each was scored independently. Telomeres (median length) are assumed to be 1.2 kb shorter than the HindIII neo fragments (see Fig. 1 ). Shown are averages ± SD. ND, not determined; NA, not applicable. *pSXneo-1.6T2AG3 linearized with Not I or Pvu I (see Fig. la (Table 1) . Telomere formation could also be de- tected in pooled colonies transfected with the (T2AG5)2-T2AG3 telomere seed (Fig. ic) .
These results suggest that homologous recombination does not contribute to a rate-limiting step in the formation of telomeres. Furthermore, it is unlikely that the addition of -1.5 kb to the telomere seed that contained nontelomeric interruptions ( (14) .
To determine whether failure to engage telomerase limits the ability of the heterologous telomeric DNA to form new human telomeres, we performed in vitro telomerase assays with (T2AG3)4 and five similarly sized primers that represent the pertinent heterologous telomeric repeats (Fig. 2) . As expected from previous work on the primer specificity of mammalian telomerases (13, 14, 30) ( Fig. 3; ref. 18 ). An intermediate effect was observed with an artificial array of (T2AG5)2T2AG3 repeats. Although this mixed sequence competed for TRF, the competitor plasmid had to be present at an '-4-fold higher concentration to achieve the same competition level as T2AG3 repeats (Fig. 3) . These data indicate that the sequence specificity of TRE matches the requirements for telomere formation in HeLa cells. The involvement of TRF, which could bind along the length of the telomeric, repeat array rather than to its terminus, is in agreement with the observation that the terminal sequence of the transfected DNA is not important (Table 1) and with the occasional retention of distal nontelomeric sequences in healed telomeres (21 (36) . However, it is not known whether HeLa cells contain a related activity and the sequence preference of the avian factor does not match the sequence requirements for telomere formation in human cells (36) .
Implications for Mammalian Artificial Chromosomes (MACs). The stringent sequence requirements for human telomere seeds predict that heterologous telomeric sequences cannot stabilize the ends of MACs. Therefore, the development of MACs will require vectors that carry T2AG3 repeat arrays. Specifically, the use of yeast artificial chromosome precursors for MACs is predicted to require T2AG3 repeats at chromosome ends because the yeast telomeric (TG1..3) tract is unlikely to seed mammalian telomeres. However, it may not be necessary to engineer the T2AG3 repeats at a terminal position in MAC precursors, since 1.6 kb of T2AG3 repeats seeded telomeres efficiently when positioned 900 bp from the end of the transfected DNA.
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